Ultrasound is widely used as an inexpensive, real-time method for imaging vascular tissue. However, sonographs often lack automatic or semi-automatic software for measuring vascular diameter precisely, especially in low-and mid-income countries or institutions. Tools can be developed to perform this task, but they must be validated before being accepted for clinic use. For that purpose, in this work we present low-cost phantoms that resemble vascular tissue when subjected to ultrasound. Several materials are analysed and a step-by-step recipe for building a simple phantom is presented. Qualitatively, models were imaged by an ultrasound expert physician, and several characteristic are assessed. Quantitatively, a comparison between ultrasound and caliper measurements of the phantoms is presented. Finally, a discussion about the results and the recommended materials for low-cost vascular phantoms is carried out.
INTRODUCTION
Noninvasive ultrasound imaging is widely known as a fairly inexpensive technique to quickly obtain images of inner organs in the human body. It is widely employed in the treatment of patients, especially in situations where a quick response is mandatory. It provides images in real-time and it does not use harmful ionising radiation. With increasing portability and decreasing costs, ultrasound machines produce quality images in many places where they are the only immediate imaging modality available. Particularly, US imaging is widely used in the diagnosis and monitoring of vascular diseases, especially through the study of the carotid artery geometry.
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Along with other indicators, carotid diameter is associated with stroke and other cardiovascular events, 3 which constitute one of the main causes of death in the world. 4 Thus, measuring this diameter precisely could prove useful to study cardiovascular events risk. However, especially in low-and middle-income countries, end-user ultrasound scanners usually have insufficient or user dependent built-in software.
Particularly, convenience software applications that semi-automatically measure carotid diameter can be developed, but they must be validated before being used in a medical environment. Validation requires, roughly, measuring the target structure with the tool and afterwards checking it against the real measurements -taken, for instance, with a caliper-. Even when measuring arteries ex-vivo is possible, the availability of animal or human tissue is very limited. Thus, some other method has to be considered. With this in mind, the use of tissue-like phantoms of known geometry and composition was proposed.
5
When building a phantom, there is a number of considerations to keep in mind, such as cost, durability, similarity to real tissue, conservation, acoustic and mechanical properties, re-usability, etc. Many non-industrial Figure 1 . On the left, a long-axis carotid artery US image is shown. On the right, a schema of the phantoms is depicted. Both muscle/tissue regions -Layer 1 and 3-are simulated with gelatin layers. The lumen -Layer 2-is also a gelatin layer but with more water (i.e. less echogenic). The walls -Interface 1 and 2-can be simulated with the difference in echo when a new layer is reached by the ultrasound beam or adding pork loin slices between them.
phantoms are constructed from an agar formula with particulate suspension, such as flour or soluble fibre medications, to emulate echogenicity and bigger particles to create scattering. 6 However, elaborate phantoms can be laborious to produce and its materials hard to acquire, either for being expensive or unavailable. Nevertheless, in the case of validating simple measurement tools, 7 such precision or agreement with real tissue is not always required, and well-defined interfaces and a regular tissue-mimicking media are sufficient. Sonolucent gelatin phantoms without sophisticated scatterers are both simple and inexpensive to prepare, are re-usable and can emulate the pressure resistance and ultrasound response of human tissue well enough to validate measurements between interfaces such as walls of a superficial artery.
In this work, the response and usefulness of several materials for artery diameter measurement is analysed. Different alternatives and combinations of materials to build low-cost phantoms were assessed. An easily manufacturing, low-cost, durable recipe for phantoms is presented. Finally, measurements were taken by experts in ultrasound acquisition, both with a caliper and using a commercial software included in an commercial echography system and its results are compared.
METHODS

Materials
Considering the trade-off between inexpensiveness and similarity to real ultrasound results, several materials were tested both for the media and interfaces. The construction of these phantoms was intended to mimic a superficial vessel and the tissue surrounding it. In Figure 1 , a real carotid US image can be seen as well as the configuration of the designed phantoms. This configuration consisted in three layers for the media: two for the tissue surrounding the vessel and one for the lumen. Although the change in echogenicity between two adjacent layers already simulates walls, other materials for interfaces were also assessed. Further details are found in Subsections 2.1.1 and 2.1.2.
Media
In the case of the medium, the choice was to try different concentrations of gelatin and agar in distilled water.
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These materials were bought in regular food stores, -industrial agar was discarded due to expensiveness-. The goal was to obtain an inexpensive combination of materials that behaves like human tissue when a force is applied over it (i.e. a physician using a transducer) and at the same time induces a tissue-like ultrasound response. Dyes were used to visually differentiate the layers. 
Interfaces
Even though cooking gelatin layers and stacking them naturally generate interfaces, other materials were investigated. These include synthetic materials such as silicone rubber tubes with different stiffness, plastic syringes and candles as well as organic materials, such as thin pork loin slices. Pork has shown good quality in emulating tissue in ultrasound. 10 
Preparation
Phantoms were built in plastic recipients, adequate for microwave heating and refrigerating. They were chosen depending on the desired shape of the phantom, and so do the quantities of ingredients. The phantoms that include only organic materials consisted of a "sandwich" of layers, generally with a large proportion of gelatin, where the middle layer was the measurement target. In this way, distortions provoked by ultrasound echoing in the containing box or deformations caused by the transducer operator were greatly diminished. The phantoms that had synthetic materials for simulating the walls were made of a single medium of gelatin enclosing the artificial vessel. For example, see Figure 2 .
The recipe for building a single layered gelatin phantom can be found in Table 1 . Care has to be taken to avoid forming air bubbles at any step of the preparation since these might result in image artifacts, which are not found in most of tissues. A refrigerated gelatin phantom lasts several weeks without spoilage, specially if wrapped in cling film. The use of formaldehyde greatly increases persistence time. 
Measuring
To evaluate the usefulness of the phantoms for validating measurement applications, they were imaged using an US machine. The ultrasound similarity with real vascular images was analysed by an expert in ultrasound diagnosis for visual quality. After that, the vessel structure was measured using a proprietary software included in the US machine (Esaote MyLab40 R with transducer LA523). This software required the expert marked several points over the walls manually (see Figure 2. 3) to calculate an average diameter, also not automatically. These procedure is normally performed to assess real carotid diameter. Subsequently, the artificial vessel is removed from the phantom and manually measured using a digital caliper with the following characteristics : 1/2"(inside)/1-3/16"(outside); accuracy to +/-.001". To obtain a more accurate measure in the case the vessel is a gelatin layer, it was placed between two straight, fixed-width metal plaques to avoid deformation induced by the caliper jaws (see Figure 2. 3). After that, several measurements were taken and averaged along the edge of the artificial vessel, similarly to the software procedure. Table 1 . The recipe and steps required to make a simple layered gelatin phantom
Materials
Distilled water: enough to reach the desired volume of the layer. Gelatin: between 5% and 10%. Pork loin slices: as many as "walls" we want to simulate. Formaldehyde: no more than 0.5%.
Steps Mix water and gelatin together. If desired, add a small proportion of agar. Slowly stir until gelatin is suspended in water without clumps and there is no air bubbles, as they will create artifacts in the ultrasound.
Heat the mix in a microwave two or three times -no more than 40 seconds each-until it reaches ∼ 60 • C. Slowly stir every time the preparation is taken off the microwave to eliminate bubbles and homogenise the preparation. Pour the formaldehyde to improve conservation. Stir a bit more. Pour the liquid into another recipient if needed. Leave it to cool down at room temperature until it reaches ∼ 15
• C. Should this be a layer that goes on top of another, the preparation has to be in liquid state when added over the already firm base layer. Furthermore, if this is a layer meant to contain an element (such as a pork slice), it should be included at this moment. Put it in a refrigerator until it congeals. * Repeat steps for every layer. Afterwards, the software and manual measurements were compared. In section 3 results obtained are shown and in section 4 they are discussed.
RESULTS
Synthetic plastic-like materials for interfaces were discarded since they showed poor quality images and highly reverberant interfaces. An example can be observed in Figure 4 where a phantom with a syringe submerged in a gelatin medium was built (similarly to Figure 2 ). Organic materials resulted in phantoms that can be seen in Figure 6 , with their corresponding ultrasound results. These phantoms consisted in three layers of gelatin with different compositions and thickness. One of them included a slice of pork loin between the layers.
Consequently, for phantoms that showed adequate visual quality, measurements described in Subsection 2.3 were performed. For analysing them, box-plots comparing manual measurements of the phantoms vs software measurements were calculated. They can be observed in Figure 5 A qualitative evaluation of the phantoms is summarised in Table 3 and 2 for media and interface materials, respectively. This includes: density; echogenicity (referring to the capacity of the phantom to resemble real tissue when ultrasound is applied); reverberation (the artificial enlargement of structures caused by an ultrasound echo that reflects back and forward); visual artifacts (such as excessive brightness); compressibility (whether the material was responsive to regular force application) and durability (how spoilage resistant the phantom is). Opacity can be easily simulated with dyes, without affecting the resulting ultrasound image ( Figure 6 ). It is important to note that, while not included in Table 2 , placing gelatin layers with different compositions on top of each other also formed clear interfaces in the ultrasound, as stated in Section 2.1 and depicted in Figure 6 (a) and 6(b). 
DISCUSSION
Low-cost, durable gelatin based phantoms were presented, with the aim of validating tools and basic training. A simple, reproducible recipe was detailed in Table 1 .
Gelatin presented valuable characteristics as the main substrate for homemade models used in ultrasound measurement tools validation/training, as it can be found in any food store and it is inexpensive. The gelatin models represent reliable approximations of what is visible during an ultrasound imaging procedure and could also be use for basic training. Due to the fact that products were acquired in regular food stores (i.e. not for industrial or medical use), stirring did not always remove completely the clumps and imperfections.
Depending on gelatin concentration, layers resembled the ultrasound imaging of different vascular tissues ( Figure 6 ). The less amount of gelatin, the more resembling to water the ultrasound response and the less resistant the material. The addition of agar to the mix (Figure 6(a) ) generated tissue-like ultrasound images. Nevertheless, they were more expensive to produce, especially when industrial agar was used. We found that not industrial agar, while less expensive, shows a lot of impurities that introduced image artifacts both unpredictable and unrepeatable. It also increased the risk of precipitation when cooking the phantoms.
The phantoms prepared with syringes or rubber pipes showed high reverberation and brightness among other artifacts. Therefore no accurate measurements could be taken from them, since interfaces where rendered with high signal intensity in the US image (Figure 4) .
A expert in ultrasound diagnosis assessed the similarity with real tissue in terms of texture and compressibility, and also performed software measurements over the ultrasound images of the phantoms.
Overall, gelatin/pork combination represents a promising alternative for the construction of low-cost ultrasound training phantoms. Gelatin mimicking the texture and ultrasound response generated by real tissue allow for realistic, hands-on basic training with ultrasound-guided procedures, which is not always easy for apprentices. Pork loin slices emulated more complex structures such as vessel walls (see Figure 1 and 6(c) ). These models may be most applicable in scenarios where limited supplies are available, provided reliable refrigeration. Boxplots showed that, considering observer variations, values obtained via software are within range of the values obtained via manual measurements, specially when pork slices were utilised (see Figure 5(b) ).
Low-cost phantoms that are intended for diameter measurement software validation or ultrasound operator basic training were developed. The search for a suitable phantom composition has proven to be difficult, with few suitable materials that match all of the criteria described earlier. A combination of materials was found that allows for customised fabrication of a durable phantom, with arbitrary vessel wall thickness that can withstand the mechanical stress of a regular transducer. Ultimately, a compromise between the desired acoustic properties and the constraints of practical implementation was fulfilled. Table 3 . Physical properties of different phantom models for medium mixes compared. From one up to five, the amount of "+" appraises the corresponding characteristic of the phantom. The same evaluation is included for ideal real tissue. The symbol ∼ indicates that property does not apply in that particular case.
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